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Biomolecular fractions affect the fate and behaviour of quantum dots (QDs) in living systems but how the interactions between biomolecules and QDs affect the bioavailability of QDs is a major knowledge gap in risk assessment analysis. The transport of QDs after release into a living organism is a complex process. The majority accumulate in the lungs where they can directly affect the inhalation process and lung architecture. Here, we investigate the bioavailability of graphene quantum dots (GQDs) to the lungs of rats by measuring the alterations in macromolecular fractions via Fourier transform infrared spectroscopy (FTIR). GQDs were intravenously injected into the rats in a dose-dependent manner (low (5 mg kg 21 ) and high (15 mg kg 21 ) doses of GQDs per body weight of rat) for 7 days. The lung tissues were isolated, processed and haematoxylin-eosin stained for histological analysis to identify cell death. Key biochemical differences were identified by spectral signatures: pronounced changes in cholesterol were found in two cases of low and high doses; a change in phosphorylation profile of substrate proteins in the tissues was observed in low dose at 24 h. This is the first time biomolecules have been measured in biological tissue using FTIR to investigate the biocompatibility of foreign material. We found that highly accurate toxicological changes can be investigated with FTIR measurements of tissue sections. As a result, FTIR could form the basis of a non-invasive pre-diagnostic tool for predicting the toxicity of GQDs.
Introduction
Despite the remarkable progress made in developing the effective use of graphene quantum dots (GQDs) to cancer diagnosis, treatment and drug delivery systems, their bioavailability to biological tissues remains poorly understood [1] . GQDs are zero-dimensional luminescent nanocrystals with mono-or few-layered structures of graphene having a typical size range between 5 and 20 nm. GQDs have many advantages over conventional semiconductor quantum dots, such as chemical inertness, photo-stability and biocompatibility, which make them promising candidates in novel delivery systems for target-specific therapeutic drugs as well as for the diagnosis of diseases [2, 3] . Bioavailability, of GQDs is important for two reasons: first, GQD uptake, distribution and effects in vital organs are important parameters in toxicology [4] ; second, there is evidence that GQDs are of the same dimensions as biomolecules such as proteins and nucleic acids [5] . These biomolecules consist of long macromolecular chains which are folded and shaped by & 2018 The Author(s) Published by the Royal Society. All rights reserved.
the weak interactions between side groups, H-bridges and salt bridges [6] . On exposure to tissues, GQDs immediately adsorb onto the surface of the macromolecules that they encounter. GQD toxicity relates to the changes in these biomolecules and macromolecules, which are not only passive yields of the organism and cell systems, but these molecules also have active roles in regulating cell behaviour. Understanding the nature of these macromolecules is important in developing a comprehensive picture of the features affecting bioavailability to tissues. For above-mentioned purposes, it is necessary to determine and explain the physicochemical changes in these biomolecules. Changes in bio-and macromolecules may limit the transport and biodistribution of GQDs and must be understood in order to predict how far GQDs are likely to migrate in living systems for real-world biomedical applications.
GQDs are very promising as a drug delivery system and the lungs represent a promising route for this delivery because of their accessible large surface area and thinner air-blood barrier [7] . However, in the lung, QDs can induce the formation of granulomas and fibrosis, which can damage the lung architecture and consequently impair the functioning of the respiratory system. Respiratory system is the main route for any kind of infection and inflammation [7] . However, the variations in the biomolecules need to be addressed towards further elucidating the biocompatibility of foreign materials. Studies in which the currently available analysis tools have been used to assess the bioavailability of GQDs in living organisms have not considered the existence and morphological changes in the macromolecules in vital organs. Although conventional histological analysis gives useful information on the inflammation and toxicity present in histological sections, it provides no information on the presence of macromolecules and specific changes associated with them. Any analysis of bioavailability without indication of biomolecules cannot be considered as complete.
To date, Fourier transform infrared spectroscopy (FTIR) as a non-invasive analytical tool has been used in pre-clinical diagnostics to acquire morphological information about diseased cells [8] . Changes in IR-band spectra can also be used to detect the biological phenomena involved in cell differentiation, proliferation and programmed cell deaths. There have been no investigations of biomolecule parameters and IR-band identification, which would allow identification of the toxicity of GQDs towards tissues. In this work, we used FTIR to study the lung tissues of rats following intravenous injection of GQDs over a period of 7 days. This analytical technique revealed information about the changes in macromolecules, which was then related to the pathology of lung tissues. To the best of our knowledge, FTIR analysis of histological sections of lungs exposed to GQDs has not been reported. Our study addresses this and the question of whether or not macromolecules affect the bioavailability of GQDs to lung tissue.
Material and methods
GQDs were prepared by exfoliating and disintegrating graphite flakes. We have previously reported this synthesis procedure and basic characterization of GQDs in detail [9] . For bioavailability testing in lungs, Sprague-Dawley adult male rats (average age of 6-7 weeks, 230-250 g weight) were housed under a standard condition of a 12 h bright/dark sequence with free access to food. All the investigational protocols were approved by the Histological evaluation (haematoxylin and eosin stained) of lung tissue of rats at 24 h, 48 h and 7 days after intravenous injection of low and high doses of GQDs. Tissues from rats treated with low and high doses of GQDs are similar in histological appearance to those of the control group. In the control group, pulmonary parenchyma can be seen; bronchioles (shown by arrows) and pulmonary arteries (arrow heads) are also present. In the low dose group, lung tissue exhibits normal morphology. Alveolar ducts (arrows) and normal alveolar interstitial spaces (arrow heads) are present. In the high dose group, the alveolar lumen is free from any kind of exudate. Alveolar ducts are visible (arrows). Interalveolar septa are slightly thickened (arrow head). In the high dose group at day 7, interalveolar septa are moderately thickened (arrow head) and infiltration of mononuclear cells is seen in the pulmonary tissue section (arrow). Bars indicated by white stripes in the image are 50 mm.
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ethical committee of Government College University, Faisalabad, Pakistan. Rats were housed in ventilated cages under standard laboratory conditions (12 h light/darkness cycle and room temperature 258C + 28C) and were given free access to water and food. Following a 7-day period of acclimatization, the rats of similar mean initial body weights were arbitrarily divided into three experimental groups, n ¼ 8 per group: control (untreated), low (5 mg kg
21
) and high (15 mg kg
) doses of GQDs per kg body weight of each rat. GQDs were intravenously injected to the rats for 7 days with a one day pause between each injection (amounting to 7 doses over 7 days). The harvested lungs were fixed with 4% paraformaldehyde for 5 h and then dehydrated and processed for histology. Sections of 6 mm were cut from paraffin blocks using a Reichert microtome and stained with eosin (cytoplasm staining). The stained slides were examined by light microscopy through a 20Â objective lens. FTIR tests of these slides were performed on a PerkinElmer Spectrum 2000 spectrometer. Spectra were collected in the range of 500-3600 cm 21 with 64 scan rates. For the FTIR spectra of GQDs, one drop of GQDs was mixed with KBr followed by an oven dry and then pressed in a die to form a pellet.
Results and discussion
To examine the in vivo toxicity of GQDs, we performed a histological study of the lungs from control and treated rats in a dose-dependent manner. A histological analysis of tissues was performed to determine whether or not the GQDs or the degradation of GQDs caused tissue damage and/or any pathologic impacts such as inflammation or necrosis. Figure 1 shows representative micrographs associated with this analysis. No gross abnormalities were observed. There was a slight change in tissue histology in the 15 mg kg 21 treated group at 48 h, which normalized by day 7. Some minor changes were particularly noted at the 15 mg kg 21 dose of GQDs. Occasional giant histiocytes were observed, associated with an inflammatory cell infiltrate: this is potentially indicative of a mild foreign body reaction to the GQDs without showing any infiltration of inflammatory cells. When histological changes were compared between the groups, the results similarly did not indicate any acute toxicity. Upon comparison of rat groups with low and high doses of GQDs, normal histology was found in the low dose group, whereas in high dose group, alveolar septa was thickened during inflammation. These histological images (figure 1) indicate that GQD treatment did not result in overt acute toxicity. FTIR was used to further investigate the role of biomolecules in determining the bioavailability of GQDs in the lung tissues. The FTIR spectrum of GQDs is shown in figure 2a and FTIR spectra of the control and treated lung tissues are shown in figure 2b-d. The FTIR spectrum of GQDs has two peaks: a peak centred at 1637 cm 21 and this region is assigned to torsional vibrations of aromatic rings [10] [11] [12] . The band region 800-1800 cm 21 shows slight 
The band at 2800-3000 cm 21 is attributed to lung surfactants [13] . The spectral regions of 800-1800 cm 21 exhibit the presence of bands assigned to (C¼O) in triglycerides, cholesterol esters, phospholipids, amide I, tyrosine, (COO -) in free amino acids, fatty acids, (CO-O-C) in cholesterol esters, phospholipids, cholesterol, the COH deformation in glycogen, phosphorylated proteins and phospholipids. A small shift of those bands among the tissues may be attributed to the asymmetric and symmetric stretching vibrations of the CH 2 and CH 3 groups of proteins. Lung glycogen loss is not present among tissues. Therefore, there is no indication of reduced cell differentiation and positive lymph node metastasis. The enhanced glucose uptake is considered an important requisite for sustaining a high rate of cellular survival and proliferation, and is thought to provide the tumour protection and resistance to the immune system [14] . The small changes in long chain fatty acids (1393 cm
21
) at the high dose of GQDs for 7 days exhibits a lower content of branched fatty acids found in lungs and indicates the inflammatory responses also shown by histological analysis (figure 1). It also affects protein metabolism in terms of malnutrition, hypoxia and energy deficit [15] . Pronounced changes in cholesterol were found in two cases of low and high doses of GQDs. Changes in cholesterol result from an inflammatory reaction that is associated with alterations in acute phase response proteins. This alters blood lipids and increases the risk of developing cardiovascular diseases [16] . A change in phosphorylation profile of protein target in the tissues was observed at high dose of GQDs at 24 h, which indicates a reduction in the contents of phosphorylated proteins and phospholipids. The variations in phospholipid metabolism in protein deficiency may influence the phosphorylation substrate proteins and hence associated functions that may lead to pathophysiology in lung tissue [17] . Additionally, the FTIR spectra of all tissues exhibit the presence of a shoulder feature at approximately 1393 cm 21 , which can be assigned to free fatty acids [18] and/or to the in-phase base C-C and C-O stretching vibrations of DNA [19] . FTIR spectra (figure 2b-d) showed a peak in the region of 1632 cm 21 assigned to the amide I mode exhibiting the secondary structure of proteins. The same set of amide I bands has been also identified in FTIR imaging studies on sections of human, rat and hamster brain [20] , and human lung [21] . Krafft et al. [22] 
Conclusion
This study has demonstrated biochemical differences between treated and untreated lung tissues of rats that can be detected by FTIR. Rat lung tissue specimens have been analysed to demonstrate the hypothesis that chemical changes taking place in biological tissues can be reliably and reproducibly identified for the evaluation of the toxicity of GQDs. GQDs Table 1 . Positions of bands (in cm
21
) with their assignment observed in FTIR spectra of the GQDs treated and untreated lungs [18 -21] . 'þ' represents the presence and ' -' the absence of biomolecules in the respective dose and time period. 
(COO -) in free amino acids, fatty acids
were intravenously injected into the rats in a dose-dependent manner (low (5 mg kg
) and high (15 mg kg 21 ) doses of GQDs per body weight of rat) for 7 days. FTIR demonstrated that biochemical changes are consistent with the histological alterations of the tissue sections. Therefore, FTIR can be used as a rapid and facile method in the toxicity testing of nanoparticles, in which the detection of specific markers or pathologic changes can be associated with the overall evaluation of biochemical status of the tissue. Highly sensitive detection of inflammation and abnormality in tissue could be used to screen pathology samples to identify mediating biomolecules of diseases.
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